Development of a versatile mammalian display system is essential for the selection of functional human antibodies with high affinities. Here we described a novel strategy for rapid construction of full-length antibody libraries that could be efficiently expressed on mammalian cell surfaces. The universal vector pDGB-HC-TM was constructed by inserting multiple cloning site unique sequences recognized by restriction endonucleases BsmBI, SfiI, and BstXI for the pop-in and pop-out of genes of interest. Cytomegalovirus promoter, a commonly used promoter for high expression of proteins in a variety of mammalian cells, was used to drive expression of the inserted antibody genes and a transmembrane domain from platelet-derived growth factor receptor was fused in frame to the C-terminus of heavy chain consistent region to anchor the antibody expressed on the mammalian cell surface. Using this strategy, we constructed a full-length human antibody display library. DNA sequence analysis and expression analysis indicated that the library constructed had a combinatory expressible, detectable diversity of 6.58 3 10 10 .
Introduction
Over the past 20 years, researchers have used the techniques of molecular biology to clone full repertoires of human antibody genes. By inserting such genes into an expression vector, a variety of antibody libraries have been constructed and numerous antigen-specific antibodies were identified from the libraries [1, 2] . Currently, phage display is the most developed and widely used technology for screening and selecting specific antibodies from library through the so-called panning procedure [3] [4] [5] . Humanization of mouse monoclonal antibodies (mAbs) and direct selection of fully human antibodies have dramatically advanced the development of antibody therapeutics [6] [7] [8] . Thus far, 22 antibodies have been approved by the FDA (Food and Drug Administration, Washington, DC, USA) for the treatment of tumors, arthritis, or cardiovascular disease [9] .
Phage display has some obvious disadvantages. For example, it cannot display a full-length antibody, but only a fragment (scFv or Fab) [10] . To the best of our knowledge, no study has reported the successful expression or display of full-length human antibodies on the phage surface. During the past 10 years, many scientists have exercised considerable effort in the attempt to develop mammalian cell surface display technology. It is therefore desirable to develop technology that can display full-length antibodies, especially human antibodies, on mammalian cell surfaces [11, 12] . Some techniques have fused a TM domain at the 3 0 -end of the antibody heavy chain (HC) to form the HC-TM. Co-expressing this HC-TM with a light chain (LC), the full-length antibody could be displayed on the cell surface [12] . Coupled with fluorescence activated cell sorting (FACS), some antigen-specific antibodies were successfully screened and identified from mammalian antibody libraries displayed on the cell surfaces [11] [12] [13] . However, the diversity of mammalian display library developed with these techniques is limited to the range of 10 4 -10 6 [12] , which does not meet the requirements for the screening of high-affinity antibodies with biological function.
To overcome this drawback, we used a novel universal mammalian display vector to insert with high efficiency the full-length LCs or variable domains of the HCs. Using this unique vector, we successfully constructed a fully human full-length antibody display libraries with a combinatory expressible diversity of 6.58 Â 10 10 . The transfection of this library into mammalian 293T cells resulted in a high expression level of full-length antibodies on cell surface, which could be detected with flow cytometry. The specific antibody-expressing cells can be selected with FACS for cloning to produce functional human mAbs.
Materials and Methods

Materials
Human lymphocyte isolation buffer was purchased from MD Pacific Technology Co. (Tianjin, China). RNeasy Mini Kit was from Qiagen (Hilden, Germany). Primers were synthesized by Invitrogen (San Diego, USA). GoTaq Green Master Mix (MM) (2Â), M-MLV reverse transcriptase and T4 DNA ligase were from Promega (Madison, USA). Restriction enzymes were from Fermantas (Burlington, Canada). Gel Extraction kit, PCR Clean-Up kit, and Plasmid Miniprep kit were from Axygen Scientific, Inc. (Union City, USA). Bacteria competent cells with transformation efficiency of 3 Â 10 7 were prepared as described [14] . DMEM and FBS were from Thermo Fisher Scientific (Waltham, USA). Transfection reagent was provided by Dgen Biotech Limited (Hong Kong, China). Fluorescence-conjugated antibodies were from BD Biosciences (San Jose, USA). The plasmid pcDNA5/FRT was purchased from Invitrogen. 293T cells were cultured in exponential growth phase in DMEM medium supplemented with 10% FBS.
Isolation of human peripheral blood mononuclear cells and isolation of total RNA from PBMCs Ten to fifty milliliters of blood were collected from a selected donor, and peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation at 400 g for 20 min in a swinging-bucket rotor without brake, then the PBMC layer was carefully transferred to a new tube and washed twice with PBS. The total RNA was isolated from PBMCs using RNeasy Mini kit according to manufacture's instructions.
Amplification of human antibody genes
The antibody genes were amplified using two-step RT-PCR. Reverse transcription was carried out following Promega's instructions with 500 nM specific primer. The RT products were directly used in PCR amplification. Fifty microliters of PCR reaction system contains 1-2 ml of RT products, 200 nM each of forward primer and reverse primer, and 25 ml of 2Â Master Mix. The condition of PCR is as follows: 948C for 5 min to denature DNA template, followed by 35 cycles of amplification (948C for 30 s, 558C for 30 s, and then extension at 728C with 1 kb per min), and ending with 7 min at 728C to ensure the full synthesis of target DNA fragments.
Restriction endonuclease digestion, electrophoresis separation and purification of DNA fragments Plasmid DNA or PCR products were digested by proper restriction endonucleases and then separated by electrophoresis. The target fragments were purified using gel extraction kit as described [15] .
Ligation and transformation DNA fragments were mixed in a proper ratio for ligation and transformation. Ligation was carried out at 168C or room temperature for at least 2 h in 10 ml of volume containing a total of 50-100 ng of DNA fragments and 1 unit of T4 DNA ligase. One microliter of ligation mixture was used in transformation of 50 ml of bacteria competent cells by standard procedure, and then the proper amount of bacterial solutions was plated on LB plus ampicillin plates. The plates were incubated at 378C overnight. The bacterial colonies were counted to calculate the transformation efficiency.
Mini-prep, maxi-prep, gel extraction, and PCR clean up For mini-prep, bacteria from 2 ml of overnight culture were lysed and neutralized. After centrifugation at 12,000 rpm for 10 min, the plasmid was purified from supernatant as instructed in product manual. For maxi-prep, 200 ml of overnight bacteria culture was used.
The plasmid or PCR products were digested by proper restriction endonuclease, and then analyzed by electrophoresis. Target fragments were purified from the agarose gel according to the manual instruction of gel extraction kit. In the situation for the purpose of elimination of small fragment less than 20 bp, target fragments were purified directly using PCR clean-up kit without electrophoresis.
Transfection of plasmid DNA into 293T cells and analysis of antibody expression Transfection was carried out in 12-well culture plates. Cells (4 Â 10 5 /well) were seeded into wells the day before transfection. After culture of 24 h, cells were used in transfection. Two micrograms of plasmid DNA and 5 ml of transfection reagent (1 mg/ml) were diluted by 100 ml of DMEM, respectively. Two to three minutes later, plasmid DNA and transfection reagent were mixed and incubated at Full-length antibody mammalian display room temperature for 20-30 min, then added directly to the well without changing the medium. After incubation at 378C for 4-6 h, the medium was replaced with fresh culture medium. FACS analysis of antibody expression on cell surface was carried out 48-72 h post-transfection. Briefly, cells from each well were suspended in 50 ml of staining buffer (2% FBS in PBS) containing 3-5 ml of fluorescence-conjugated specific antibodies (1/7-1/4 of suggested dosage). After incubation on ice for 30 min, the cells were washed once with staining buffer and resuspended in 400-500 ml of staining buffer for FACS analysis. The FACS data were analyzed using FCS Express V3 (De Novo Software, Los Angeles, USA).
Results
Design and construction of expression vector
For flexible insertion of antibody HC, LC or variable domain of HC, the universal vector pDGB-HC-TM was designed as illustrated in Fig. 1 . The nucleotide sequences, which can be recognized and cleaved by the BsmBI, SfiI, and BstXI, were incorporated into the vector. The TM domain of platelet-derived growth factor receptor (PDGFR-TM) [13] was fused at the 3 0 -end of HC to form the fusion gene HC-TM, and cytomegalovirus (CMV) promoter was chosen to drive expression of the inserted genes.
HC-TM was obtained by five sequential PCRs, as shown in Fig. 1(A) , and the primers used were listed in Table 1 . Using total RNA isolated from human PBMC as a template, variable domain of HC was first RT-PCR amplified by primer P1 and P2 (PCR-1). Then PCR-2 was performed using primers P3 ad P4, and the products from PCR-1 were used as a template to introduce the NheI/ BstxI/SfiI/BsmBI enzyme-recognizing sequences before the start codon and the second BsmBI-recognizing sequence in frame at the 3 0 -end of the variable domain. Human IgG-1 constant region was then RT-PCR amplified by using primers P5 and P6 (PCR-3) to introduce the second BsmBI-recognizing sequence into the fragment at the 5 0 -end and the BamHI-recognizing sequence into the fragment at the 3 0 -end. PCR-4 was performed using P7 and P8 primers to amplify PDGFR-TM. At the 5 0 -end of TM, a BamHI-cutting site was incorporated. Finally, PCR-5 was performed using the primers P3 and P9 and fragments from PCR-2, 3, and 4 as templates to introduce the SfiI/ BstXI/XhoI-recognizing sequence at the 3 0 -end of this fusion gene HC-TM. The final PCR product (Fragment 5) contains full-length human HC and PDGFR-TM. After digestion with NheI and XhoI, the fragment was inserted into the vector pcDNA 5/FRT between NheI and XhoI at multiple cloning sites to form the interim vector.
To reduce the total size of the vector, the hygromycin B selection gene expression cassette was deleted in the designed vector. Primer P10 (5 0 -CTAACTGACACACATTC CACAGAAGCTTCACCCTAATCAAGTTTTTTGGGG-3 0 ) and P11 (5 0 -TGTATCTTATCATGTCTGTATACCGAAG CTTCCTCTAGCTAGAGCTTGGCG-3 0 ) were designed to contain the HindIII-recognizing sequence and matched with our vectors. Using these two primers and the interim vector as a template, a 5.2 kb fragment was PCR-amplified containing all the components for replication of the vector in bacteria and expression of the antibody gene in mammalian cells. After digestion with HindIII, the fragment was circularized by self-ligation to form the final expression vector pDGB-HC-TM [ Fig. 1(B) ].
Restriction endonuclease digestion confirmation of the vector and analysis of ligation and transformation efficiency Maxi-prep vector DNA of pDGB-HC-TM was analyzed by proper enzyme digestion. Results showed that the digestion of vector by five different enzymes in four combinations gave proper-sized DNA fragments, except the digestion by BstXI [ Fig. 2(A) ]. Sequence analysis confirmed that the HC-TM fusion gene had the right coding sequence, but contained two extra BstXI-cutting sites as shown in Fig. 1(B) . These results indicate that the vector pDGB-HC-TM contains all introduced enzyme cleavage sites at the right location. To test the re-ligation of all these fragments to form a proper vector, the fragments were individually purified, and ligation was performed in four groups as indicated in Table 2 . By using competent cells with an efficiency of 3 Â 10 7 , the results showed that the ligationtransformation efficiency could reach up to 3.21 Â 10 6 ( Table 2 ). The transformation efficiency of Group 1, where the vector was digested by NheI and XhoI, has an efficiency of 9.38 Â 10 5 , lower than the other three groups. To address the possible reasons, the ligation mixture was analyzed by electrophoresis. As shown in Fig. 2(B) , the vector fragment from NheI and XhoI digestion could be selfligated [ Fig. 2(B) , line 9] without insert fragment. On the other hand, the vector fragments from the other three groups showed no self-ligation. To confirm that the fragments were correctly ligated to form the full-length vector, four colonies from each group were randomly picked for analysis. The vector DNA was isolated from overnight culture and digested by proper enzymes. All 16 clones show right-sized fragments, suggesting that the fragments in all 16 clones were correctly ligated [ Fig. 2(C) ].
FACS analysis of antibody expression on cell surface
The expression vector pDGB-HC-TM contains only the HC-TM fusion gene, but the expression of full-length antibodies needs simultaneous expression of HC and LC in single cells. Using primers P12 (5 0 -AGCCACCTGATTG GCCACATAGGCCTGAACCACCATGGTGTTGCAGAC Full-length antibody mammalian display CCAGGTC-3 0 ) and P13 (5 0 -CCAGAGTCATGGCCGTG CAGGCCTTATCAAGACTCTCCCCTGTTGAAGCTC-3 0 ), the full-length human kappa chain gene was amplified by two-step RT-PCR. After SfiI digestion, the gene was inserted into the vector pDGB-HC-TM between SfiIcutting sites to replace the HC-TM to form the human kappa chain expression vector pDGB-huKappa. The sequence of kappa gene was confirmed by sequencing analysis. Following the procedure as described in 'Materials and Methods' section, the vector pDGB-HC-TM and pDGB-huKappa were co-transfected into 293T cells. Transient expression of antibodies on the cell surface was analyzed by FACS 60 h before transfection. As shown in Fig. 3 , parental 293T cells exhibited no antibody Table 1 . (B) Cloning procedure of pDGB-HC-TM. Expression of the inserted gene was driven by CMV promoter. NheI þ XhoI double cut, BstXI single cut, or SfiI single cut was used for cloning of full-length HC or LC; BsmBI single cut was used for cloning of HC variable domain, and BamHI þ XhoI double cut was used to delete or replace the TM domain.
Full-length antibody mammalian display expression on the cell surface when stained with PE-conjugated mouse anti-human kappa chain antibodies (PE-K) and FITC-conjugated mouse anti-human IgG antibodies (FITC-G) [ Fig. 3(A) ]. The cells transfected by only HC expression vectors showed HC expression on the cell surface [ Fig. 3(B) ], but exhibited no detectable kappa chain expression [ Fig. 3(C) ]. For 293T cells transfected by only kappa chain expression vector, neither HC nor LC expression was detected on cell surface [ Fig. 3(D,E) ]. When the cells were co-transfected by both heavy and LC TGGCCACATAGGCCGTCTCTAGTCCACCATGGACTGGACCTGGAGGATC  P2  GTCCACCTTGGTGTTGCTGGGCTT  P3  AAGCTGGCTAGCCACCTGATTGGCCACATAGGCCGTCTCTAGTCCACCACCATG  P4  CCCTTGGTGGAGGCTGAGGAGACGGTGACC  P5  GGTCACCGTCTCCTCAGCCTCCACCAAGGG  P6  GCGTGTCCTGGCCCACAGCATTGGATCCTTTACCCGGAGACAGAGAGAGG  P7  GCCTCTCTCTGTCTCCGGGTAAAGGATCCAATGCTGTGGGCCAGGACACGC  P8  TGGCCGTGCAGGCCTTATCAACGTGGCTTCTTCTGCC  P9 GTCGACCTCGAGCCAGAGTCATGGCCGTGCAGGCCTTATCA Full-length antibody mammalian display expression vectors, the expression of HC and LC could be detected separately [ Fig. 3(F,G) ] or simultaneously [ Fig. 3(H) ]. As long as the LC is detectable, these results suggest that the HC can be concurrently detected. Only when both the heavy and LCs were co-expressed on the cells, could the full-length antibodies be detected. Therefore, detection of the LC on the cell surface means the presence of HC on the cell surface. In other words, using anti-LC antibodies, the display of full-length antibodies can be quantitatively analyzed.
Construction and analysis of fully human, full-length antibody display library
The above results were obtained by co-transfection of single HC gene and single LC gene. To determine whether this vector can be used to construct antibody library effectively, we have isolated total RNAs from PBMCs as template and used two-step RT-PCR to amplify full-length kappa chain repertoire and variable domain of HC repertoire. Primers were designed according to the sequence information of V-base as described (http://vbase.mrc-cpe.cam.ac.uk/) and contained comparable restriction endonuclease-recognizing sequences at the 5 0 -ends. Amplified VH and LC products were inserted into the vector separately. Within 8 weeks, we have constructed a HC (IgG-1) library and a kappa chain library with library sizes of 1.32 Â 10 6 and 1.78 Â 10 5 , respectively. The combinatory library size is 2.35 Â 10 11 . To assess the quality of the library, we have randomly picked up 10 clones from HC library and 10 from LC library for sequence analysis of VH and LC regions. The results showed that eight HC clones have correct reading frame, coding for seven unique VH and nine LC clones have correct reading frame, coding for eight unique LCk (Fig. 4) . To further analyze the expressibility of theses genes, plasmid DNA from each clone was co-transfected with expressibility-confirmed HC or LC clones into 293T cells. The expression of full-length antibody on cell surface was confirmed by FACS for six HC clones (Fig. 5) and eight LC clones (Fig. 6) . It has been realized that not all of the clones with right coding sequences can express detectable antibodies on cell surface. Full-length antibody mammalian display
Discussion
Mammalian expression vector pDGB-HC-TM contains BsmBI, SfiI, and BstXI for gene cloning, PDGFR-TM for display of antibodies on cell surface, and CMV promoter for high gene expression of antibodies. In most cases, selection and analysis of antibody expression require only transient transfection [11, 12] and stable selection gene is Full-length antibody mammalian display not always necessary to have in the vector. Therefore, the vector contains no selection gene expression cassette. As such, the same amount of vector DNA used in transfection will contain more copies of plasmid molecule to hopefully increase the diversity being screened every time.
One of the key steps in construction of antibody libraries is effective ligation of vector fragment and insert fragment. Commonly used restriction enzymes, such as HindIII [16] and XhoI [17] , form palindromes after digestion, allowing self-ligation to occur and reducing the ligation efficiency. Two different approaches were commonly used to prevent self-ligation. The first one used two different enzymes to cut the target DNA [18, 19] and the other used the dephosphorization method [20, 21] . However, neither approach can completely prevent self-ligation.
SfiI is commonly used in the construction of phage display library [22, 23] . The SfiI recognizes a non- Full-length antibody mammalian display palindromic sequence and forms a three-base protruding end. Because each of these three bases can be any one of the nucleotides G, A, T or C, the sequences of the ends can have 64 different possibilities in total. Therefore, it is possible to design different cutting sequences at both ends of fragments that will not self-ligate during ligation. This feature is very useful in library construction to increase the ligation and transformation efficiency. BstXI and BsmBI have features similar to SfiI, but each forms a four-base protruding end and can form 256 possible ends.
Here, we used three restriction enzymes that can recognize and cleave sequences to form non-palindromic ends. Only the two matched ends could adhere for ligation, dramatically increasing the ligation and transformation efficiency in the library construction. As shown above, using competent cells with an efficiency of 3 Â 10 7 , the transformation efficiency of our ligation mixtures could reach up to 3 Â 10 6 per microgram of ligated DNA. Currently, competent cells with transformation efficiency up to 10 9 are commercially available. We believe that the transformation efficiency of the ligation mixture from this experiment could be significantly improved if these competent cells with high transformation efficiency were used. It is worth mentioning that the background of ligation in this report was 1.15-4.34%, much lower than the group using NheI and XhoI (8.63%), suggesting that application of our strategy would improve both the quantity and quality of the antibody libraries though lower than 10% of background is acceptable [24] . Notably, there are two extra BstXI sites present in the pDGB-HC-TM vector [ Fig. 1(B) ]. Therefore, it was actually a four-way ligation BstXI group. Fortunately, sequence analysis indicates that none of the eight ends from these four sites created by BstXI digestion formed self-ligation, as proved by the high transformation efficiency and low background in Group 4 ( Table 2) .
The vector pDGB-HC-TM contains IgG-1 HC constant region and TM domain. Using BsmBI-cutting sites, the gene fragment encoding a variable domain of a HC can be easily inserted into the vector, and the full-length HC could be replaced by using BstXI or SfiI. The TM can be deleted by using BamHI-cutting site between HC and TM and downstream XhoI site, for the sake of expression of soluble antibodies. These features make this vector very useful for the construction of antibody libraries of fulllength HC, full length LC, or variable domain of HC.
Using low concentration (1/7-1/4 of the suggested dosage) of PE-K, we could detect the antibody expression on 53% of the cells co-transfected by HC and LC libraries [ Fig. 7(C) ]. Since not every vector in the library contains an antibody gene that has a correct reading frame and can be expressed on a detectable level, 53% of positive cells should represent the effective expression of correct antibody genes in the library. Considering that only 79.53%
[ Fig. 7(B) ] of the cells were positive when co-transfected with sequence-confirmed single HC and single LC at this particular experiment, a positive rate of 53% further confirmed that the expressible antibody genes in each library is reasonably high. This result suggests that this vector can be used for cloning of not only single genes but also libraries.
In conclusion, we have developed a novel strategy whereby a universal mammalian expression vector has been employed to rapidly construct libraries of full-length antibodies that could be highly expressed on mammalian cell surfaces. The vector constructed contains unique sequences recognized by restriction endonucleases BsmBI, SfiI, and BstXI for the pop-in and pop-out of genes of interest. The use of these endonucleases in the construction of antibody libraries dramatically increased the construction efficiency and library quality because of no self-ligation. Coupled with FACS, this strategy has a great potential application for rapid identification and cloning of functional human mAbs.
